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Motivation (deflection)

!Bent crystals can deflect high energy beams with small 
bending radii (O(0.1m)). At 30 GeV, ≈ 1000T B-field(!)
– lots of proton data, little data for high-energy e– or e+

– There is interest in crystal collimation for e+ and e–

• Expected benefits in size and efficiency of collimation
• Not enough data to actually design such a system

– What channeling efficiency can one expect?
– How does it scale with beam energy?
– Can VR be used for beam collimation?
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CERN SPS-UA9 collimator crystal
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Motivation (radiation)

!There is interest in channeling radiation
– Intense γ ray production, can we demonstrate narrow-band?

– Use Crystal undulators with e– ??
– Can we make use of VR radiation?

! γ rays have applications in materials science and 
radiography techniques
– penetrating γ rays can radiograph thick pieces.

– crystal targets have been used with some success in γ sources for 
photo-nuclear reactions.

!Can crystal sources become competitive to Compton 
sources?

3
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Channeling Potentials

Binary collision: deflection  ∑ scatters

Continuum model: average potential

(≈ Coulomb)
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Particle-Beam–Crystal Interaction

Possible processes:
" multiple scattering
" channeling
" volume capture
" de-channeling
" volume reflection

Dechanneling rate ∝ # in channel => ∝ exp(-s/Ld); Ld is called dechanneling 
length

(adapted from W. Scandale)

Critical angle: max. angle of
incoming particle against plane 
where channeling is still possible
θcrit = √2U0/E
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Phase Space (bent crystal)

!Same topology as a (stationary or moving) rf bucket

E. Baglinot channeled
due to surface 
transmission
< 1

channelingVR, amorph

(Plots by E. Bagli)
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Channeling and VR Experiments at SLAC

!T513 (Wienands et al., ESTB, complete)
– Channeling and Volume-Reflection Studies of High-Energy Electrons in 

Crystals
– SLAC—U Ferrara—U Aarhus—Cal Poly

!E212 (U. Uggerhøj et al., FACET)
– Radiation from GeV electrons in diamond – with intensities 

approaching the amplified radiation regime
– U Aarhus—U Ferrara—SLAC—Cal Poly

!T523 (Wienands et al., ESTB)
– γ-Ray Production Study with Electrons
– SLAC—U Ferrara—U Aarhus—Cal Poly
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FACET and the End Station A Test Beam (ESTB)
2010…2016

!ESTB: up to 15 GeV e–, 5 Hz, ≤ 200 pC/pulse
– “pulse stealing” from LCLS

!FACET: 20 GeV e+ or e–, 2 nC/pulse, 10 Hz, “203 µm3”
! control of optics, momentum spread
– both can provide relatively parallel beam (<10 µrad)
– FACET has a e– spectrometer downstream; ≈ 0.1% resolution

8
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T513/T523 Setup at ESTB

!E212 FACET Setup conceptually similar, but no g counter
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Top View, not to scale

9x9 cm2

opening

veto 
scintillator



• Crystal thickness 60±1 µm
Once the crystal will be back in 
Ferrara we will measure crystal 
thickness with accuracy of a few nm.

• (111) bent planes (the best planes for 
channeling of negative particles).

• Bending angle 402±9 µrad 
(x-ray measured). If needed I can 
provide a value with lower uncertainty.

Main crystal features
A. Mazzolari
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Crystal mounted in “Kraken” Chamber in ESA

11

image.jpg (JPEG Image, 640 × 480 pixels) http://esacam02/jpg/1/image.jpg?timestamp=1386943927502

1 of 1 12/13/2013 06:12 AM

e–



U. Wienands – FNAL Advanced Acceleration Workshop, June 24-25, 2019

First Demonstrated Deflection @ 4.2 GeV
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(Movie credit: T. Wistisen)

VR

amorphchanneling

Wienands et al., Physical Review Letters 114, 2015, 074801 

https://www6.slac.stanford.edu/news/2015-02-25-slac-led-research-team-bends-highly-energetic-electron-beam-crystal.aspx

https://www.researchgate.net/journal/1079-7114_Physical_Review_Letters
https://www.researchgate.net/journal/1079-7114_Physical_Review_Letters
https://www6.slac.stanford.edu/news/2015-02-25-slac-led-research-team-bends-highly-energetic-electron-beam-crystal.aspx
https://www6.slac.stanford.edu/news/2015-02-25-slac-led-research-team-bends-highly-energetic-electron-beam-crystal.aspx
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e– Channeling and VR Parameters (T513)
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Channeling efficiency 18..24 % 

Volume Reflection efficiency ≈ 95 % 

T.N. Wistisen et al., 
Phys. Rev. ST-AB 19, 071001 (2016)

Ferrara Si(111)crystal, 
60 µm, 400 µrad 
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Figure 6: The probability density relative to the maximum
probability density of the deflected particles as a function of
the crystal angle for the case of 10.5 GeV electrons.

The crystal was mounted in a scattering chamber
in the End Station A Test Beam at SLAC, see 2. A
rotational stage allows rotation of the crystal with
step sizes of approximately 10 µrad. A translational
stage moves the crystal to its optimal position. The
rotation angle of the crystal is determined by re-
flecting a laser beam o� a flat mirror mounted on
the side of the crystal holder. The reflected laser
beam hits a screen approximately 1m from the mir-
ror. When the crystal is rotated, the laser beam on
the screen provides a read-out of the rotation angle
of the crystal with a resolution better than 5µrad.
A Cerium doped Yttrium Aluminum Garnet (YAG
for short) screen of 500 µm thickness with a CCD
camera 13 m down stream of the crystal provides
the means of data acquisition in this experiment.
Saturation of the YAG screen is negligible at the
bunch charge 108 particles per bunch that was pro-
vided for this experiment [25]. The beam diver-
gence was measured to be less than 10 µrad by the
wire scanners. The spot-size was less than 150 µm
and the momentum spread reduced to about 0.15%.

4. Data analysis and results

The experimental measurements were performed
by rotating the crystal in small angular steps and
recording an image of the circular YAG screen. The
camera was mounted at an angle with respect to the
screen which distorted the image. An ellipse was fit-
ted along the edge of the screen, for this was known
to be circular. This allows one to revert this image
distortion due to the positioning of the camera. A
region of the screen is chosen such that the edge of
the screen is avoided. The crystal deflects particles

in the horizontal plane and we sum the intensity
in the vertical plane and normalize the probabil-
ity distribution as seen in e.g. 7. For each crystal
angle several images were taken. Images with low
or high (camera saturated) light intensites were ig-
nored. Plotting the distribution along the y-axis
with the crystal angle along the x-axis one obtains
the so called ’triangle plots’, (3 to 6 represent the
raw data). A crystal angle of 0 was chosen to be
the orientation of closest direct entry of the beam
into the channel as could be experimentally real-
ized. This orientation, along with the halfway of
the full bending of ◊b = 402 µrad, (roughly ◊

b

2

)
termed the volume reflection orientation, will be
investigated in detail.

In 7 and 8 the probability density of the deflected
particles is plotted for the two di�erent cases de-
scribed above. In 7, some general tendencies can
be identified. The width of the large leftmost peak,
becomes narrower as does the channeled peak due
to the decreasing critical angle. In 8 the large left-
most peak due to volume reflection moves closer to
the undeflected position and the width decreases as
energy increases. To extract quantitative informa-
tion from these distributions we consider a fitting
procedure consisting of two Gaussian probability
distributions for the two peaks and a function for
the dechanneled particles in between to be specified.
For i = 1, 2 we have two Gaussian distributions
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where Pi is the fraction of particles in this peak,
‡i the standard deviation of the distribution and µi

the center. The undeflected/volume reflected parti-
cles are denoted by i = 1 and either the channeled
or volume captured particles are denoted by i = 2.
The probability to dechannel per angle in the expo-
nential decay model of 8 is dP

d◊ = e

≠ ◊

◊

d

/◊d. There-
fore the probability distribution of the dechanneled
particles becomes
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where ◊d = L
d

L ◊b. This formula can be under-
stood as follows: The probability to find a particle
at an angle ◊ is the sum over the possible ways this
can happen. A fraction of the particles dechannel-
ing at angle ◊

Õ can end up at the angle ◊ due to the

5

Deflection Triangle @ 10.5 GeV



!Raw data
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E212: First Channeling Data of 20 GeV e+ in Bent Crystal
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e– data, 20.35 GeV, 1010 e–/pulse

E212 Data e+

E212 Data

20.35 GeV e+

1010 e+/pulse

3

The crystal was mounted on a rotation table that could
be moved with roughly 10 µrad precision. This allowed
rotating the crystal and performing an angle scan of the
channeling phenomenon. The rotation angle was mea-
sured by reflecting a laser beam o↵ the crystal holder
and measuring the position of the reflected laser spot as
it moved on a screen placed 1.16 m away.

The spatial resolution of the e± detector screen was
3.5 µm and its e↵ective area was 7.6 by 8.8 mm. The de-
flection angle that corresponds to maximum channeling
has been set equal to ✓

b

.
For electrons, the angular distribution obtained when

the crystal is oriented in the maximum channeling direc-
tion is shown in Figure 3.
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FIG. 3: Angular distribution of electrons obtained at maxi-
mum channeling conditions. The insert provides a zoom in
the regions around the quasichanneling peaks. The green and
the red curves are individual gauss fits applied to obtain the
center of the oscillations. Fits are performed for deflection an-
gles of 0.295-0.315 mrad and 0.320-0.350 mrad respectively.

The peak at 0 mrad is the primary beam and the
smaller peak at ⇠ 400 µrad is the channeled electrons.
At angles slightly below the latter, two quasichanneling
oscillations are visible. As predicted in Ref. [2], these os-
cillations are only visible near the channeling peak. The
locations of the two peaks are obtained by fitting gaus-
sian functions separately and the distance between them
is 27±3 µrad. This is in very convincing agreement with
the theoretical estimate for the distance between the qua-
sichanneling peaks, (

p
2� 1)

p
2d0/R = 26.8 µrad.

For positrons at deflection angles of ⇠ 0.2� 0.3 mrad,
quasi-channeling oscillations can be clearly seen in the
dechanneling tail in Figure 4.

It highlights the relevant angular region and the data
used for this figure was taken with an optical filter such
as to optimize for the observation of the channeling os-
cillations.
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FIG. 4: Angular distribution as in Fig. 3, but for positrons,
zoomed and taken with an optical filter at the detection
screen, to optimize for the intensity of dechanneling peaks.
Blue dots are data and red curves are gaussian functions fit-
ted individually to the datapoints around the peaks. The
’shoulder’ to the right of the highest peak is unexplained, but
may be related to the two planar spacings in the (111) orien-
tation.

These quasi-channeling oscillations are primarily ob-
tained when the crystal is oriented in the maximum chan-
neling configuration.

The peaks are fitted by individual gaussians to obtain
their location, as shown in Figure 4. The locations of
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FIG. 5: Angular position of oscillation peaks, where n is the
peak number as counted from the channeling peak towards
smaller deflection angle. The upper color plot shows an ex-
ample of raw data from the screen.

the centroids of these peaks are presented in Fig. 5 along
with a fit with a function of the form ✓ = ✓

b

�
p
2d0/R

p
n,

as prescribed by eq. (1), where the two parameters ✓
b

and
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Analysis of the “Quasi-Channeling Oscillations”

15

θb = 402±9 µrad, R = 0.15 m,
ds= 3.14Å (known), d0 = 4 ds

T.N. Wistisen et al., Phys. Rev. Lett. 119, 024801 (2017)

x (Å)

V 
(e

V
)

A. Sytov et al., Eur. Phys. J. C (2016) 76: 77

θdef = (θb +θt )−
2d0 n −1( )

R
+ 2ds

R

intensity data

R = 15±1.3 cm
θt = 40 µrad



!Secondary Beam producing ≈ 10 e–/pulse
!Scintillating-Fiber (SciFi) calorimeter for g detection ≤ 10 GeV
– ≈ 10% energy resolution

!The electron spectrum is used to set beam intensity and 
calibrate the SciFi detector.

! 12.6 GeV beam energy 
!We were able to take data 

along the whole 
deflection triangle.

!Raw spectra 
vs crystal angle
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Radiation from Bent Crystal (T523, 2018)
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“Far Amorph” Spectrum

!Crystal angle far away (≥ 5 mrad) from channeling
beam-line background subtracted
– should be Bethe-Heitler (bremsstrahlung), flat in this presentation.
– This is used to calibrate the intensity

17
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Deflection Calculations
!The code describes our exp. deflection with good accuracy
– data right in line with our published T513 results

18

Primary beam deflection
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Radiation Model (C. Nielsen, to be published)

! Liénard-Wiechert spectrum (classical):

! solve the equation of motion in the crystal potential 
numerically using Doyle-Turner potential

!Then solve the radiation integral along this trajectory.
– including photon recoil (quantum effect) and spin
– single-photon emission.

! run on GPUs for speed.

19

GPU Accelerated Simulation of Channeling Radiation of Relativistic Particles

C. F. Nielsen1

1Department of Physics and Astronomy, Aarhus University, 8000 Aarhus, Denmark
(Dated: April 23, 2019)

In this paper we describe and demonstrate a C++ code written to determine the trajectory
of particles traversing oriented single crystals and a CUDA code written to evaluate the radiation
spectra from charged particles with arbitrary trajectories. The CUDA/C++ code can evaluate both
classical and quantum mechanical radiation spectra for spin 0 and 1/2 particles. We include multiple
Coulomb scattering and energy loss due to radiation emission which produces radiation spectra in
agreement with experimental spectra for both positrons and electrons. We also demonstrate how
GPUs can be used to speed up calculations by several orders of magnitude. This will allow research
groups with limited funding or access to super computers to do numerical calculations as if it were
a super computer. We show that one Titan V GPU can replace up to 100 Xeon 36 core CPUs
running in parallel. We also show that choosing a GPU for a specific job will have great impact on
the performance, as some GPUs have better double precision performance than others.

PACS numbers: 41.60.-m,61.85.+p

INTRODUCTION

The problem of evaluating the radiation spectrum from
accelerating charges is relevant in various contexts, and
has in many cases been solved analytically [6]. However
valuating radiation from arbitrary motion is not always
possible by analytical solutions. In this paper we de-
scribe a numerical code designed to evaluate both clas-
sical and semi-classical radiation from classical particle
trajectories. This problem is numerically very di�cult
since evaluating the radiation spectra involve integration
of rapidly oscillating functions. Our code utilizes the
enormous parallelism available on GPUs. Thus evaluat-
ing radiation from ultra-relativistic particles is now pos-
sible with the enhanced double precision capabilities in
modern GPUs such as the Nvidia GP100 [1], GV100 [2]
and the Titan V (which is equipped with the same chip as
the GV100 [3]). The code is written in C++/CUDA[4],
where the serial task of solving the equation of motion
of single particles is done on a CPU, while the radiation
integrals are solved on the GPU.

Other codes for the purpose of evaluating radiation
from relativistic particles have been developed, see e.g.
[5], an implementation in the existing Meso Bio Nano ex-
plorer software (MBN Explorer). This software is very
capable, but for larger calculations it requires large CPU
clusters. For many research-groups, gaining access to
large CPU clusters is not possible, and we show in this
paper that by using GPUs, these very demanding numer-
ical tasks can be performed on personal workstations.

This paper is organized as follows: First we describe
the implementation of the di↵erent radiation integrals
used to calculate the radiation spectra from classical tra-
jectories. Then we describe the implementation of ori-
ented crystals and the model used to determine trajecto-
ries of channeled particles. We have several tests against
theory and experiment to validate the di↵erent imple-

mentations. Last we compare computation times of the
radiation integrals using di↵erent CPUs and GPUs.

RADIATION INREGRALS

From the Lienard-Wiechert fields one obtains the clas-
sical radiation spectum, which is evaluated by the inte-
gral [6]

d2I

d!d⌦
=

e2

4⇡2

����
Z 1

�1
f(t,n)ei!(t�n·x(t))dt

����
2

, (1)

f(t,n) =
n⇥ (n� �)⇥ �̇

(1� � · n)2 , (2)

where e is the electric charge, c is the speed of light,
! is the frequency of the emitted radiation, n =
(sin# cos', sin# sin', cos#) is the direction of emission
with polar and azimuthal angles # and ' defined rela-
tive to an observer, d⌦ = sin#d#d' and r, � = v/c and
˙� = v̇/c are the position, velocity and acceleration of the
charge at time t. Since radiation emission from relativis-
tic particles often is of interest, we are dealing with small
di↵erences between large numbers. To increase the nu-
merical precision, we do a series expansion of these large
quantities, as is done in [7], keeping only the leading order
terms of the changes to these large numbers. Assuming
the particle travels in the z-direction, one can solve the
equation of motion for the values �z(t) = z(t)� �0t and
�v

z

(t) = v
z

(t)� �0 where �0 ⇡ 1� 1
2�2 . Since almost all

radiation is emitted in the forward direction we also have
that n

z

=
q
1� n2

x

� n2
y

⇡ 1 � ✓

2

2 , where ✓2 = n2
x

+ n2
y

.

Substituting the above variables in eq. (1) and eq. (2) we
get [7]

 
β = v

c
,    !β= dv

dt
1
c
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Volume Reflection

20

<—— transverse momentum vs z

Spectrum –—>
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Spectrum-Angle Correlation (12.6 GeV)
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Background-subtracted spectra normalized to linac pulses 
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Spectrum-Angle Correlation (12.6 GeV)
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Model spectra folded with 75 µr incoming beam divergence
Binning comparable to exp. data 



!The far amorph (B-H) spectra are used to calibrate the 
intensity
– ≈ 8 times B-H

at low E
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Measured Spectra and Model
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Preliminary
energy ≤ 400 MeV 
  dominated by VR
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Spectra vs Crystal Angle
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Preliminary
Red line 
indicates 
VR-dominant 
radiation
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Summary

!The FACET and ESTB experiments now comprise a large 
fraction of the body of electron-channeling and VR data 
available in the world in the O(10) GeV energy range.

!First systematic measurements of electron channeling
!First detection of “quasi-channeling oscillations” with 

positrons. 
– They have also been seen, albeit weaker, with electrons.

!Recently first radiation experiment with bent crystal
– energy spectra along the whole deflection triangle.
– consistent with VR-radiation dominance at low energy 

• significant CBR contribution at higher energy
– significant enhancement over B-H (≈ 8-fold near 200 MeV)

25
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Outlook 

!Understanding & modeling at GeV energies is on relatively 
firm ground
– Study of channeling & radiation effects in CNTs should be feasible at 

SLAC FACET-II or ESTB

!Can we measure the influence of laser-driven fields on the 
particles?
– predecessor to actual acceleration
– g radiation as probe of electron-field interaction?

26
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